Abstract. Granular flow rheology can be divided into two global regimes, the Elastic, which is dominated by force chains and the inertial which are nearly free of force chains. The propensity of a material to form force chains is strongly influenced by particle shape. This paper is an attempt to assess the effect of particle shape on flow regime transitions, through computer simulations of shear flow of ellipsoidal particles. On one hand, the results show that at a given concentration, ellipsoidal particles generate smaller quasistatic stress than spheres, likely a result of their ability to form denser static packings. But at the same time, large aspect ratio ellipsoids more readily form force chains and demonstrate Elastic behavior at smaller concentrations than spheres.
INTRODUCTION
Recently [1] [2] [3] [4] it has been possible to divide up all of granular flow into two global flow regimes -The Elastic and the Inertial.
The "Elastic" flow regime is dominated by force chains, a space spanning networks of particles in long duration contact (longer than collision times) with their neighbors. Such flows are dominated by the elastic properties of the bulk material, which are in turn controlled by the interparticle stiffness, k (which governs how the particles see one another mechanically) and obey the elastic stress scaling, τd/k. (The can be interpreted as the ratio of the induced elastic deformation of the particle to the particle diameter.) The Elastic regime is further subdivided into two subregimes. In the Elastic-Quasistatic regime, the stresses are independent of the shear rate. Force chains form as particles are pushed together at a rate proportional to the shear rate, γ, and then are rotated and collapse, by the shear flow, so that their lifetime is inversely proportional to the shear rate, collectively producing no net shear rate dependence. In between the forces generated are proportional to the compression of the force chains which, at small shear rates are largely determined by geometrical constraints, and are also shear rate independent, this leads to a flow in which the stresses are independent of the shear rate. However, at larger shear rates, the forces in the chain will reflect the inertia of the particles, as they are gathered into and accelerated/decellerated by the force chain. This produces the Elastic-Inertial regime, in which the stresses increase over the quasistatic stresses at a rate proportional to the inertia in the flow, that is, linearly proportional to the shear rate 4 . This produces a Bingham-like effect with a linear increase in stress with shear rate over a baseline quasistatic stress. Note that there is no physical change going from the ElasticQuasistatic to the Elastic Inertial regimes; in the latter, inertial effects become noticeable while in the former they are negligible.
In the Inertial regime, there are no force chains and as a result, the importance of k is greatly diminished. Removing k from the parameter list, leaves the shear rate γ as the only time scale, so that stresses in the Inertial regime must follow the Bagnold 5 scaling τ/(ρd 2 γ 2 ) (where ρ is the solid density and d is the particle diameter). This is likewise divided into two sub-regimes. In the Inertial-Collisional regime, (the old Rapid-flow regime, 6,7 ) particle interactions are dominated by binary collisions. The other Inertial subregime, the Inertial-non-Collisional regime is perhaps the least understood. It is clear that the particles interact not as individuals but in clusters where the particles are in long duration contact with their neighbors. But the clusters do not span the space and thus do not form force chains, but at the same time, within the cluster, forces are transmitted elastically.
Relating the relative importance of elastic and inertial effects, is a new parameter, k/ρd 3 γ 2 , which can be interpreted as the inverse of the ratio of the inertially induced particle deformation to the particle diameter. Note that increasing k/ρd 3 In effect, a large shear rate pushes particles together faster than the elastic forces can break them apart, forcing the formation of force chains even at relatively small concentrations. The flowmaps presented in ref. 1 show that there is a strong effect of particle surface friction on the various regime transitions. This is not surprising because the larger the surface friction, the stronger the mechanical connection between particles and the stronger the subsequent force chains. However, one expects that particle shape would also be critically important in determining force chain strength as nonround particles are more likely to lock together. It was speculated in 1 that there should be a weaker effect of friction coefficient in systems of non-round particles. This paper describes the first attempts to test this hypothesis by studying ellipsoidal particles. One difficulty in studying non-round particles is a lack of any method of characterizing the particle shape. If the volume of the particle is held constant, the shape of an ellipsoidal particle however is uniquely described by its aspect ratio α= Rmax/Rmin, the ratio of the maximum to minimum radii of the particle. (Technically, the ellipsoids studied here are prolate spheroids as two of the three radii are equal to the minimum radius, Rmin.) Thus in these studies the particle shape is characterized by α and the equivalent spherical diameter d, (the diameter of a sphere with the same volume as the ellipsoid). 
RESULTS
This work was performed in a standard sot-particle computer simulation using a linear spring and dashpot contact model of the type that dates back to the earliest DEM simulations of Cundall and Strack 8 . This particular simulation is based on a code developed by Mark Hopkins of ERDC-CCREL 9 , modified for shear flows with Lees-Edwards boundaries. As in refs. 1and 2, the simulations were all used 1000 particle simulations in a cubic control volume. Previously 1,2 , collisional flows were determined by comparing the average collision time to the binary collision time. For spheres, the linear-spring/dashpot model produces a constant binary collision time. However, this is not the case for non-round particles where the equivalent collision time depends on the geometry of the impact. These studies used a more direct method of determining a binary impact. Here, for each contact between two particles, the maximum number of simultaneous contacts, Nc, on both of the two particles involved in assessed along with the total contribution to the stress generated by the contact. Then a probability distribution is generated of the fraction of stress generated along the contact as a function of the total number of simultaneous contacts. If the flow is collision, then most of the stress will be carried by a single contact and the peak will occur at Nc=1. Comparison with previous results for spheres shoe that this produces the same regime boundary as the contact time method. Figure 2 shows the effect of aspect ratio on the normal stress generated in a shear flow. All cases are is reduced. There are two unexpected observations. Perhaps the most striking is that the largest quasistatic R min R max stresses are observed for spheres (α=1). However, the smallest quasistatic normal stresses are observed for α=1.5, and not for the largest aspect ratio, α=2. This is consistent with the observations of Man et al. 10 who observed that one could create denser random packings of ellipsoids than possible with spheres, and that the maximum possible packings occurred at about α=1.5 and decreased for both larger and smaller α. In that sense the packing, relative to the maximum possible random packing, is smallest for α=1.5. In fact the stresses follow the Man et al. 10 trend, exactly, as over the range of aspect ratios studied, the smallest maximum random packings occur for spheres. But notice that the trend is reversed in the Elastic-Inertial regime, in that at the smallest k/ρd 3 γ 2 , the largest stresses are observed for spheres and the smallest for α=2. For reasons that are not clear, the larger the aspect ratio, the smaller the inertial augmentation.
However, the flowmaps shown in Figure 3 give something of the opposite picture. From Figure 2 , one would expect that, as the largest stresses are generated for spheres, spheres must construct the strongest force chains and thus demonstrate elastic behavior at the smallest concentration.
(That concentration is indicated by the Quasistatic/Inertial transition where force chains, at least those not generated inertially, disappear.) This is partially the case. For spheres, Figure 3a shows that the transition occurs at ν=0.58.
(Interestingly, previous results 1 , show the same transition at a slightly larger ν=0.59. The difference appears to be a result of slightly different implementations in the two simulations, demonstrating how sensitive the results are to friction.) Along those lines of thought, the highest transition solid fraction occurs for α=1.25 at ν=0.60, but further increases in α moves the transition ν in the opposite direction. For α=1.5, the transition ν has dropped to 0.59 (still larger than the sphere value) but for α=2.0, the transition dipped well below the sphere value to ν=0.56. This illustrates that while ellipsoidal particles can reduce the generated stresses, large aspect ratio particles also promote the generation of force chains at smaller solid fractions -not surprising as a simple rotation of the particle can point Rmax towards nearby particles thus extending a particles reach. Figure 4 shows the effect of surface friction on the flowmaps for large aspect ratio, α=2.0 particles and tries to answer the initial hypothesis about surface friction 1 . There is was speculated That surface friction would be less important for large aspect ratio particles, but the flowmaps show this not to be the case. At a small μ= 0.1, Figure 5a , the Quasistatic/ Inertial transition occurs at ν=0.61, roughly the same value as for spheres, while at a more realistic, μ= 0.5, the transition occurs at ν=0.56, which is eventually reduced to ν= 0.54 for μ= 1.0. Thus counter to the initial hypothesis, the effect of surface friction is even stronger for ellipsoids than for spheres (the sphere results 1 showed a reduction from ν=0.61, for μ= 0.1 to ν=0.59, for μ= 0.5 to ν=0.58, for μ= 1.0). At the same time, friction affects the other regime transitions. is increased.
CONCLUSIONS
This paper has presented a computer simulation study of the effect of ellipsoidal, particularly prolate spheroids, on flow regime transitions in granular shear flows. The original goal was to test a hypothesis that particle shape would be more important than surface friction in the strength of force chains and thus in governing the flow transition between Elastic flows (dominated by force chains) and Inertial flows (which are force chain free). This proves not to be the case, in fact, the effect of surface friction was more pronounced for α=2.0 ellipsoids than for spheres. But these are all convex particle shapes. One might guess that the opposite might still be true for concave particles that contain crevasses that will help particles lock together.
But the effect of shape is shown to be quite complicated. In particular, a larger baseline quasistatic stress is observed for spheres than for any of the ellipsoids studied here. This is in concert with the observations of Man et al 10 . Who found that all of the non-round shapes studied here pack to denser random packings than do spheres and thus any packing of ellipsoids is a smaller fraction of its random densepacking and the same packing of spheres. But at the same time, the Quasistaic/Inertial transition was observed at a much smaller solid fraction for large aspect ratio ellipsoids than for spheres, indicating that it is much easier to form force chains with ellipsoids.
